were measured using 31 P-magnetic resonance spectroscopy during repeated bouts of 10-s heavy-intensity (HI) exercise and 5-s rest compared with continuous (CONT) HI exercise. Recreationally active male subjects (n ϭ 7; 28 yr Ϯ 9 yr) performed on separate occasions 12 min of isotonic plantar flexion (0.75 Hz) CONT and intermittent (INT; 10-s exercise, 5-s rest) exercise. The HI power output in both CONT and INT was set at 50% of the difference between the power output associated with the onset of intracellular acidosis and peak exercise determined from a prior incremental plantar flexion protocol. Intracellular concentrations of [PCr] Furthermore, an understanding of the effects of short-duration recovery, present in so many team sports, may dictate changes in strategy and tactics to deliver efforts of high power output more appropriately. The elucidation of the bioenergetics of a 5-s recovery period during high-intensity (HI) exercise would facilitate a greater understanding of short-duration recovery periods and enable exercise physiologists to prescribe specific energysystem training stimuli in a more comprehensive manner. Over 50 years ago, Christensen and Saltin (7) performed a cursory investigation of the oscillations in pulmonary oxygen uptake (VO 2 ) that occur during HI intermittent (INT) exercise incorporating short work (10 s):shorter recovery (5 s) transitions. Reduced plasma lactate concentration and metabolic stress (and reduced average power output) compared with continuous (CONT) exercise were observed. Their small sample size (n ϭ 2) limited confidence in the conclusions. Recently, we extended this early work with observations of reduced VO 2 and deoxyhemoglobin saturation during the work periods of INT compared with CONT exercise performed at an identical power output (3). Furthermore, we observed greater deoxyhemoglobin saturation during CONT suggesting a reduction in oxygen delivery compared with oxygen consumption relative to INT. Thus the different demands of INT and CONT protocols elicited differing physiological responses to work of an identical power output. The INT exercise model seemed to elicit an elevated O 2 delivery condition compared with CONT. We also suggested that the contribution from substrate-level phosphorylation would have to increase to maintain the energy requirement during the 10-s work period of INT despite the lower average power output as a lower VO 2 was observed. Therefore, the purpose of the present study was to examine the intracellular changes in high-energy phosphate metabolism and hydrogen ion ([H ϩ ]) concentration during a similar INT protocol. We used 31 P-magnetic resonance spectroscopy ( 31 P-MRS) to compare the intramuscular metabolic responses of a 10-s work: 5-s recovery INT exercise with a CONT exercise, performed at the same absolute power output as the 10-s work period. Matching of the INT work phase to the CONT power output rather than matching of the average power output was used to provide an equivalent, immediate challenge to energy metabolism preceded by a short rest period.
SPORTS, SUCH AS SWIMMING, cycling, and rowing, have the opportunity to prescribe precise work and recovery durations. Furthermore, an understanding of the effects of short-duration recovery, present in so many team sports, may dictate changes in strategy and tactics to deliver efforts of high power output more appropriately. The elucidation of the bioenergetics of a 5-s recovery period during high-intensity (HI) exercise would facilitate a greater understanding of short-duration recovery periods and enable exercise physiologists to prescribe specific energysystem training stimuli in a more comprehensive manner.
Over 50 years ago, Christensen and Saltin (7) performed a cursory investigation of the oscillations in pulmonary oxygen uptake (VO 2 ) that occur during HI intermittent (INT) exercise incorporating short work (10 s):shorter recovery (5 s) transitions. Reduced plasma lactate concentration and metabolic stress (and reduced average power output) compared with continuous (CONT) exercise were observed. Their small sample size (n ϭ 2) limited confidence in the conclusions. Recently, we extended this early work with observations of reduced VO 2 and deoxyhemoglobin saturation during the work periods of INT compared with CONT exercise performed at an identical power output (3) . Furthermore, we observed greater deoxyhemoglobin saturation during CONT suggesting a reduction in oxygen delivery compared with oxygen consumption relative to INT. Thus the different demands of INT and CONT protocols elicited differing physiological responses to work of an identical power output. The INT exercise model seemed to elicit an elevated O 2 delivery condition compared with CONT. We also suggested that the contribution from substrate-level phosphorylation would have to increase to maintain the energy requirement during the 10-s work period of INT despite the lower average power output as a lower VO 2 was observed. Therefore, the purpose of the present study was to examine the intracellular changes in high-energy phosphate metabolism and hydrogen ion ([H ϩ ]) concentration during a similar INT protocol. We used 31 P-magnetic resonance spectroscopy ( 31 P-MRS) to compare the intramuscular metabolic responses of a 10-s work: 5-s recovery INT exercise with a CONT exercise, performed at the same absolute power output as the 10-s work period. Matching of the INT work phase to the CONT power output rather than matching of the average power output was used to provide an equivalent, immediate challenge to energy metabolism preceded by a short rest period.
Furthermore, use of 31 ] originating from glycolytic ATP formation in the initial seconds of recovery (9, 43) , and the increased substrate phosphorylation contribution during the work period.
In summary, we have compared the bioenergetics of CONT exercise with an INT protocol (10 s work/5 s recovery), using the same work rate as CONT exercise. The following hypotheses were tested: 1) an increased [H ϩ ] formation during the recovery period of INT exercise compared with CONT exercise and 2) an increase in the calculated glycolytic phosphorylation contribution during each 10-s work period in INT compared with the same work in CONT.
METHODS

Subjects.
Recreationally active male subjects (n ϭ 7; 27 yr Ϯ SD 9 yr) participated in this study. Before the experiment, all procedures and potential risks were explained to each subject, and an informed consent was signed. The study was approved by The University of Western Ontario Ethics Review Board for Health Sciences Research Involving Human Subjects.
Experimental procedures. Subjects reported to the lab at least 2 h after eating with no ingestion of caffeine over that time period. Subjects were studied on 3 different days, with a minimum of 48 h between tests, completing one experimental protocol each day. A plantar flexion ergometer (38) Testing day 1. A 3-min rest period was followed by an incremental (i.e., "ramped") plantar flexion exercise test to intolerance. Ramped exercise commenced at the same time that water started to flow continuously into a reservoir at the rear of the ergometer (flow rate ϭ 1.4 kg/min), which was raised with each plantar flexion. The exercise consisted of the participant repeatedly depressing the footplate or the ergometer at a frequency of 0.75 Hz (0.67-s contraction/0.67-s relaxation) through a range of motion (ROM) of ϳ35°. This action raised and lowered the water reservoir, of which the incremental resistance was achieved by adding water in a constant ramp-like fashion by means of a roller pump (Cole-Parmer Instruments, Vernon Hills, IL). A metronome set at 0.75 Hz was used to help subjects maintain the proper contraction frequency. To ensure participants maintained a consistent ROM, the ergometer was interfaced to a computer dataacquisition system allowing a light-emitting diode (LED) to signal and record the start (i.e., 0°) and end (i.e., 35°) of plantar-flexion ROM. Exercise was terminated at volitional fatigue or at the point where subjects were unable to maintain the full ROM, as determined by their inability to illuminate the LED at full ROM (i.e., 35°plantar flexion) on three successive contractions. Power output was calculated using the known repetition rate (0.75 Hz), ROM of 35°, the displacement of the suspended reservoir (0.08 m), and the weight of the reservoir plus water added [1.7 kg ϫ (1.4 kg/min ϫ exercise time)] using standard physical relationships. This produced a ramp slope of 1.46 W/min from an initial load of 1.77 W. The actual flow rate of water into the reservoir was calculated as the total volume of water added during the exercise test, divided by the time to fatigue. This test was used to determine the power output associated with the onset of intracellular [H ϩ ] accumulation and the status at end exercise of [H ϩ ] and [PCr] . The onset of intracellular [H ϩ ] accumulation was determined as the work rate corresponding to the point of transition from a phase of gradual pH decline to a phase of a more a rapid increase in pH decline during the incremental ramp test, as described previously (31) .
Testing day 2. Subjects performed a plantar flexion CONT exercise test for a maximal duration of 10 min with a ROM over 35°. They were asked to stop exercising if the ROM dropped below 35°or when exercise had been performed for 10 min. A computer-triggered LED light source was visible to the subjects when 35°ROM was reached for each contraction. The exercise power output in CONT was 50% of the difference between the onset of intracellular [H ϩ ] accumulation (⌬50%) and the peak power achieved during the incremental test.
Testing day 3. Subjects performed an INT constant-load plantar flexion exercise test for a maximal duration of 10 min. The exercise protocol was similar to CONT, except that exercise involved alternation of 10-s work periods with 5-s recovery periods. This 15-s cycle was repeated a maximum of 40 times (i.e., for 10 min). Work rate during the 10-s work intervals was identical to the work rate performed during CONT (i.e., day 2). 31 P-MRS. Intracellular muscle metabolism was studied using 31 P-MRS with the ankle exercise ergometer positioned within the 64-cm bore, 3.0-T superconducting magnet interfaced with a SMIS/IMRIS console (Surrey Medical Imaging Systems, Guildford, UK; Innovative Magnetic Resonance Imaging Systems, Winnipeg, Canada). A custom-built [Raymer et al. (38)] 4-cm-square 31 P surface coil was fastened securely over the belly of the lateral gastrocnemius of the dominant leg used for exercise. An external reference standard containing methylene diphosphate was affixed to the opposite side of the surface coil.
All spectra were acquired with a 3-ms, 90°adiabatic radio-frequency pulse, a 5.0-kHz receiver bandwidth, and 2,048 complex data points. Before the experimental protocol commenced, two baseline spectra were acquired. The first baseline spectrum was an average of six acquisitions having a repetition time (TR) of 30 s. The second baseline spectrum was the average of the final 24 acquisitions of a 30-acquisition spectrum with TR ϭ 5 s. Calculation of the longitudinal relaxation (T1) correction factors, which accounts for differential saturation, was obtained from the differences in amplitude of the 31 P metabolites in the first baseline spectrum (no T1 effects) from the second baseline spectrum (T1 saturated) [see Raymer et al. (38) for a detailed description of this protocol].
All spectra obtained during the experimental protocol were collected continuously, with each spectrum collected every 5 s.
Data analyses. Quantification of the 31 P-MRS metabolite data was performed in the time (acquisition) domain by fitting each 31 P-free induction decay to a sum of damped sinusoids, which could be varied in terms of amplitude, phase, delay time, damping constant, and frequency. This method used prior knowledge and a nonlinear leastsquares algorithm to iteratively reduce the difference in error between the actual data and the experimental model. Some subjects reached the limit of tolerance before the target 600 s in INT; therefore, analyses in INT were restricted to an upper limit of 480 s, which was completed by all subjects. These data were used for analysis within the INT group. The mean of each minute of the INT and CONT data, from onset to 5 min of exercise, was used for between-group comparisons. All subjects from the CONT group completed a minimum of 5 min of exercise.
Post hoc analyses on the two-way RM were performed using the Holm-Sidak or Tukey method (SigmaStat, Systat Software, Chicago, IL). Within-group comparisons of [PCr] and [H ϩ ] for the CONT and INT were analyzed using a one-way ANOVA across the exercise period. Post hoc analysis was then performed. The Tukey test was used after the initial difference in the means by the ANOVA had been identified. The Tukey test is more conservative and under-reports significant differences. As such, if the Tukey did not reveal results, then the less-conservative Holm-Sidak was performed. Significance was set at P Ͻ 0.05 for all statistical analyses.
RESULTS
Sample single spectra and stack plots, for both INT and CONT protocols, from a representative subject are presented (Figs. 1-3) . Results from the incremental test to intolerance to determine the onset of intracellular [H ϩ ] accumulation are presented in Table 1 . Power output during the work phase of the INT and CONT averaged 13.1 W (SD 2.8). Due to the severity of the work load, five of the seven subjects in CONT and three subjects in the INT were unable to complete the full 10-min duration of the exercise bout. Consequently, observations and within-group statistical comparisons of seven subjects were analyzed for 5 min during CONT and 8 min of INT exercise, whereas the data to 5 min were used for betweengroup comparisons.
The formation from glycolysis at 4 s work was 2.8 mM and at 9 s work, was 3.9 mM, whereas the calculated glycolytic formation of [H ϩ ] during CONT exercise (2.6 mM) was 34% lower than at 9 s of work during INT exercise (3.9 mM).
DISCUSSION
To our knowledge, this study is the first reported observation of intracellular [H ϩ ] and high-energy phosphate metabolism during HI 10-s work:5-s recovery INT work. This INT exercise was contrasted with a CONT exercise performed at an identical work rate as the 10-s work period of INT. The major findings were: 1) [H ϩ ] was similar during the rest period of INT as during HI CONT exercise, and 2) the glycolytic phoshphorylation contribution was higher during the work period of INT than the identical power output performed continuously.
The power output among subjects was set at ⌬50% of acidification threshold. The fact that some subjects could not complete the task and others reached the full 10-min duration illustrates that the relative exercise intensity was not identical for all individuals. However, all work rates were above the acidification threshold and below the peak power achieved during the incremental test and can be defined as HI exercise (41) .
[ ] has been associated with high power outputs indicative of the changes in strong ion difference within the cell (5, 10, 11, 15, 16, 18, 30, 39 ). The increase in [H ϩ ] during high power outputs of a continuous nature may be greater than that observed at the limit of tolerance in an incremental test to intolerance. Our data bear this out. The peak [H ϩ ] (307 mM) during the incremental test was lower than both the CONT and INT (370 mM). This discrepancy is a function of the immediate HI constant power output performed during the CONT and INT exercises. The activation kinetics of oxidative phosphorylation dictates that some 40 s is required for the oxidative phosphorylation contribution to reach 63% of the ATP demand for this work rate (41) . Before and after this time period, substrate phosphorylation contributes significantly to the total ATP demand. The increase in [H ϩ ] over these initial moments of constant load exercise (Fig. 6B) this inactive period. Moreover, the lower oxidative phosphorylation during both work and recovery phases compared with CONT HI exercise observed previously (3) supports the notion that the work period of this INT protocol demands a greater contribution of glycolytic phosphorylation compared with an identical power output performed continuously. The increased activation of glycolytic phosphorylation, which occurred from 4 s to 9 s of the work period (2.8 mM at 4 s-3.9 mM at 9 s), is not only greater than during CONT exercise (2.6 mM) but also gives an origin to the calculated glycolytic run-on effect during recovery. This [H ϩ ] formation associated with glycolytic phosphorylation early in recovery (Ͻ20 s) has been observed (9, 29) and quantified (9) using ischemic models but not under "normal" blood flow conditions.
The reduced [PCr] at 4 s of work and lower [H ϩ ] from glycolytic phosphorylation compared with 9 s of work suggest that the predominant source of ATP in the first seconds of the work period is a result of [PCr] breakdown and oxidative phosphorylation (40) . The increased glycolytic phosphorylation [H ϩ ] from 4 s to 9 s (2.8 mM at 4 s and 3.9 mM at 9 s) and the continued decrease in [PCr] over this same period also suggest ATP use stemming from continued [PCr] breakdown. Presumeably, some portion of this decrease in [PCr] also reflects the oxidative phosphorylation ATP contribution during this period (40), as VO 2 has been shown to increase during this same time period (3). To our knowledge, there have been no studies that have differentiated between oxidative and glycolytic contributions during recovery in a nonischemic environment.
Similar mean [PCr] responses were observed during CONT and INT exercise (Fig. 4) over the first 2 min of exercise. Subsequently, the average [PCr] in INT was unchanged from 2 to 5 min of exercise (P ϭ 0.162), whereas [PCr] during CONT exercise continued to decline over this same duration (P Ͻ 0.05; Fig. 7 ). These responses from 2 to 5 min of exercise are analogous to previously observed [PCr] responses to moderateintensity and HI exercise, respectively (41) , and would reflect the greater average power output of CONT vs. INT exercise (18) . These results are similar to the VO 2 responses observed previously (3) with similar INT and CONT protocols using cycling exercise. The inclusion of the 5-s recovery period of INT has modified the average [PCr] response of HI continuous work to that usually associated with moderate-intensity exercise (i.e., below the lactate threshold) despite the similar [H ϩ ] observed between the CONT and INT protocols evolving from the aforementioned differential mechanisms. (13) . This asymmetry has been attributed to differences during the fundamental phase at the onset of exercise on VO 2 kinetics, independent of ATP demand to square-wave HI exercise (1, 4, 36) . Kushmerick (26) observed this delayed response of oxidative phosphorylation relative to [PCr] . Others (41) have suggested that despite this delay, VO 2 and [PCr] both preserve linear first-order control through a "transfer function that is dependent on CK equilibrium" (41) . The involvement of the CK reaction in ATP synthesis delays the response time of oxidative phosphorylation to the higher energy demand. In essence, [PCr] breakdown early in exercise acts as a homeostatic energy buffer to oxidative phosphorylation.
Moreover, quantitative analysis reveals a slowed rate of [PCr] synthesis vs. breakdown. The flux of this CK reaction is largely dependent on ATPase activity (26) . This would be reduced dramatically during recovery. This implies that the magnitude of the fluctuations in [PCr] over the 10-s work:5-s recovery cycle would be dictated by the magnitude of [PCr] synthesis during the shorter recovery vs. work period. This change in [PCr] in the present study may also be tempered, in part, by the elevated oxidative phosphorylation contribution, which is resynthesizing ATP used during the previous work interval.
Improved O 2 availability during INT may be a possible mechanism explaining our results. It has been shown that quadriceps blood flow in single-leg knee extension ergometer exercise has been shown to be some 70% higher during moderate intensity to HI compared with two-legged cycle ergometry (34) . If a similar effect were present in our singleleg plantar flexion exercise model, INT exercise may have been associated with elevated muscle and capillary blood flow and improved blood flow distribution during the initial seconds of recovery (3, 14) and maintained into the subsequent 10-s work interval of INT (21, 37, 42) . Moreover, the previous work interval, followed by the rest period of this INT exercise may speed VO 2 (2, (22) (23) (24) and [PCr] (32) kinetics in a similar manner to that observed with priming HI exercise (4, 22) .
Although speeding of VO 2 kinetics as a consequence of improved blood flow in type 2 (1, 25) muscle fibers could be responsible for the responses observed in the present study, it has to be acknowledged that a number of studies suggest that VO 2 on-kinetics are not necessarily improved by enhanced blood flow at the onset of the HI (12, 20, 37) 
The total buffering capacity (Slykes) is equal to the change in [H ϩ ], divided by the change in pH, multiplied by the change in pH (Eqs. 6 and 7)
␤ total ϭacid added mmol/l/⌬pH ϫ measured change ͑⌬͓H ϩ ͔͒ (6) ⌬mmol ⁄ l ⁄ ⌬pH ϭ ␤ total ϭ ⌬acid ⁄ ⌬pH i
The ␤total (total buffer capacity ϭ Slykes) at the pH observed in this present paper for Eq. 8 has been calculated previously (8) .
⌬͕͓H ϩ ͔ glycolysis ͖ ϭ ͕⌬pHi ϫ ␤ total͖ ϩ ͕͑Ϫ␥͒ ϫ ͑⌬͓PCr͔͖͒ (8) The proton stoichiometry per [PCr] as a function of pH (Ϫ␥), as derived from the Lohman reaction, is presented in Eq. 9 ͑Ϫ␥͒ ϭ 27.239 Ϫ 13.593 pH ϩ 2.144 pH 2 Ϫ 0.108875pH 3 (9) The change in pH (pHi) and [PCr] was calculated from the difference between 9 s work and 4 s recovery.
The glycolytic phosphorylation contribution during CONT was also calculated over the same period using Eq. 8.
The change in pH and change in [PCr] from 2 to 5 min of exercise were used for these calculations.
